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ABSTRACT
We present optical and near-infrared observations of SN Ib 2019ehk. We show that it evolved to a Ca-rich
transient according to its spectral properties and evolution in late phases. It, however, shows a few distinguish-
able properties from the canonical Ca-rich transients: a short-duration first peak in the light curve, high peak
luminosity, and association with a star-forming environment. Indeed, some of these features are shared with
iPTF14gqr and iPTF16hgs, which are candidates for a special class of core-collapse SNe (CCSNe): the so-
called ultra-stripped envelope SNe, i.e., a relatively low-mass He (or C+O) star explosion in a binary as a pre-
cursor of double neutron star binaries. The estimated ejecta mass (0.43M⊙) and explosion energy (1.7×1050 erg)
are consistent with this scenario. The analysis of the first peak suggests existence of dense circumstellar mate-
rial in the vicinity of the progenitor, implying a CCSN origin. Based on these analyses, we suggest SN 2019ehk
is another candidate for an ultra-stripped envelope SN. These ultra-stripped envelope SN candidates seem to
form a subpopulation among Ca-rich transients, associated with young population. We propose that the key to
distinguishing this population is the early first peak in their light curves.
Keywords: supernovae: general – supernovae: individual (SN 2019ehk)
1. INTRODUCTION
Over the last decade, some peculiar transients which show
different characteristics from canonical supernovae (SNe)
have been discovered (Kasliwal et al. 2012). The ‘Ca-rich’
transient is one of such newly discovered types of explosive
transients. Their spectra commonly (if not always) show he-
lium absorption lines around the maximum light and most of
these transients are classified into Type Ib SNe (SNe Ib) ac-
cording to the classical scheme. However, they gradually start
to show different observational properties from the classical
SNe Ib after the luminosity maximum (e.g., Lunnan et al.
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2017); the Ca emission lines quickly develop as early as ∼1
month after the maximum, while the oxygen forbidden lines
are quite weak.
The origin of the Ca-rich transients is still in active debate.
They are generally discovered in a remote location from a pu-
tative host galaxy (Kasliwal et al. 2012; Lunnan et al. 2017),
indicating that they originate in old population. The old stel-
lar population environment leads to models of white dwarf
(WD) explosions (Lyman et al. 2013, 2014, 2016), exempli-
fied by the .Ia explosion, i.e., helium detonation on a surface
of a WD (Shen et al. 2010).
At the discovery of the Ca-rich transient class before this
constraint from the environment had been established, one of
the first suggestions on their origin was an explosion of a rela-
tively low-mass He or C+O star which represents an SN from
the lowest mass range to become core-collapse SNe (CCSNe)
(Kawabata et al. 2010). Kawabata et al. (2010) pointed out
that the dominance of the Ca emissions over the oxygen emis-
sions (i.e., deficiency in the oxygen emissions) in their spectra
could be understood in the context of an explosion of such a
relatively low-mass He (or C+O) progenitor (see Maeda et al.
2007; Fang et al. 2019). They also argued that the rapid evo-
lution seen in the Ca-rich transient is a natural consequence
from such a scenario; this is around a boundary between the
SN explosion (either by a Fe-core collapse or ONeMg-core
electron capture) and WD formation, and thus predicts small
ejecta mass, i.e., < 0.5M⊙ (Tauris et al. 2013; Moriya et al.
2017a). The explosion energy and the ejected mass of the
newly-formed 56Ni are also predicted to be small (Suwa et al.
2015; Yoshida et al. 2017; Müller et al. 2018). These features
are consistent with the observational properties of the Ca-rich
transients, which show low expansion velocities and low lu-
minosity. In the stellar evolution theory, one way to from such
a low-mass He or C+O progenitor star is a close binary evolu-
tion with a neutron star (NS) companion, which is called the
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‘ultra-stripped envelope SN’ (USSN) scenario (Tauris et al.
2013, 2015). The USSN scenario is a leading model toward
the formation of double NS binaries, and thus identification
of USSNe is an important topic in the gravitational wave as-
tronomy as well.
Given the old stellar environment of the sites where Ca-
rich transients are discovered, it is unlikely that the USSN
is the origin of a bulk of Ca-rich transients since the USSN
should represent a young population. However, it is still pos-
sible that a fraction of Ca-rich transients may come from
USSNe. Among some candidates for USSNe (Tauris et al.
2015; Moriya et al. 2017a), two objects are accompaniedwith
intensive spectral series and multi-band light curves. These
two USSN candidates, iPTF16hgs and iPTF14gqr, are indeed
either a Ca-rich transient or a peculiar transient which shares
some properties with the Ca-rich transient class. iPTF16hgs
was located at ∼ 6 kpc away from the core of its star-forming
host galaxy, and thus its progenitor can be much younger than
most of Ca-rich transients. De et al. (2018a) argued for an
USSN origin for iPTF16hgs, while the possibility of a WD
eruptive event was not rejected. Further, De et al. (2018b)
suggested that iPTF14gqr, with some similarities to other Ca-
rich transients (Section 3 for details), is a robust candidate for
an USSN. It was located in a tidally interaction spiral galaxy
at ∼15 kpc away from the spiral arm (See Section 4.4).
Interestingly, both of iPTF16hgs and iPTF14gqr show
double-peaked light curves, where the first component rapidly
declines in a few days to a week. This feature is reminis-
cent of the so-called ‘cooling-envelope emission’ frequently
observed for CCSNe either with an extended envelope or a
dense circumstellar material (CSM). For iPTF16hgs, De et al.
(2018a) interpreted this as the cooling-envelope emission of
a progenitor with a radius of ∼ 10 R⊙ , which is consistent
with a CCSN from a He star and its early spectra classified
as an SN Ib. For iPTF14gqr, De et al. (2018b) suggested that
the early emission is associated with a dense and ‘confined’
CSM, as is similar to those frequently inferred for CCSNe
(Gal-Yam et al. 2014; Yaron et al. 2017; Förster et al. 2018).
Given the possible link between a fraction of Ca-rich tran-
sients and the USSN scenario, even a single new addition of
an USSN candidate in the Ca-rich transient class is highly im-
portant in both searching for candidate USSNe and in under-
standing the nature(s) of Ca-rich transients. We here present
such a new example, SN 2019ehk. It was discovered at α
(J2000)= 12h22m56s.150, δ (J2000)= +15◦49′34′′.03, in the
well-known spiral galaxy M 100 (NGC4321), whose distance
is well established through the Cepheid (m−M = 30.91±0.14;
Freedman et al. 2001). The projected position of the explo-
sion site is close to the core of NGC4321 (Figure 1). The
explosion site is on a dust lane of a spiral arm. The apparently
young environment indicates that it is originated from a mas-
sive star. Indeed, it has been classified as an SN Ib from early
spectroscopic observation (Dimitriadis et al. 2019).
In this paper, we present properties of SN 2019ehk. In Sec-
tion 2, we describe our observations and data reduction. In
Section 3, we present its spectral and light curve properties,
and classify it as a Ca-rich transient. We further show that it
has a double-peaked light curve. Comparisons of the obser-
vational properties of SN 2019ehk and those of iPTF16hgs,
iPTF14gqr, and other (canonical) Ca-rich transients are also
presented in Section 3. In Section 4, we discuss properties and
the origin of SN 2019ehk. We suggest that this is yet another
candidate for an USSN, and a fraction of Ca-rich transients
Figure 1. The R-band image of SN 2019ehk in M 100 (NGC 4321) taken at
t = 12.2 days using HOWPol. The open circles denote the comparison stars
used for the photometric measurement. The magnitudes of these comparison
stars are given by Wang et al. (2008).
belong to this class. The paper is closed in Section 5 with
conclusions. Throughout this paper, t denotes the rest-frame
phase since the R-band second maximum. The explosion date
is estimated as MJD 58601.9 (t = −14.4 days), defined as the
date between the last non-detection (MJD 58601.3) and the
earliest detection (MJD 58602.5; Joel Shepherd)13.
2. OBSERVATIONS AND DATA REDUCTION
The optical imaging data were obtained using the
Hiroshima One-shot Wide-field Polarimeter (HOWPol;
Kawabata et al. 2008) and the Hiroshima Optical and Near-
InfraRed Camera (HONIR; Akitaya et al. 2014). These in-
struments are installed on the 1.5-m Kanata telescope at the
Higashi-Hiroshima Observatory, Hiroshima University. We
obtained BVRI-band images using HOWPol in 14 nights
from 1.7 May 2019 (t = −11.6 days) to 12.3 Jul 2019
(t = 30.2 days). For the photometric measurements, we
adopted the Point Spread Function (PSF) photometry task
in the DAOPHOT package (Stetson 1987) equipped with the
IRAF (Tody 1986, 1993). For the calibration of optical pho-
tometry, we used the magnitudes of the nearby comparison
stars given by Wang et al. (2008). The derived optical magni-
tudes are summarized in Table 1. Figure 2 shows the multi-
band light curves. Only the Galactic extinction has been cor-
rected for in this figure (see Section 3.2). We also plot data
from other sources by the open circles (clear-band magni-
tudes reported by Joel Shepherd and by Jaroslaw Grzegorzek;
a cyan-ATLAS-band magnitude by ATLAS)14.
Non-filter optical imaging data in the field around the dis-
covery date were taken with a new wide-field CMOS sensor
camera Tomo-e Gozen (Sako et al. 2018) on the 1.05-m Kiso
Schmidt telescope during a wide-field high-cadence transient
survey. We picked up the survey data on two epochs in the
same night of 27 April 2019. For each epoch, the data consist
of twelve contiguous 0.5 sec exposures. SN 2019ehk is not
detected, and we derived 5σ upper limits on the subtracted
images, using the deep co-added Tomo-e Gozen image taken
in 2020 as a reference image. The derived upper limits (rel-
ative to Pan-STARRS r-band) are 16.42 and 17.97 mag on
MJD 58600.4 and 58600.5 days, respectively.
All the magnitudes are given in the Vega system throughout
this paper, unless mentioned otherwise. The double peaks are
seen in the optical light curves, and the second peak is reached
13 https://wis-tns.weizmann.ac.il/object/2019ehk
14 https://wis-tns.weizmann.ac.il/object/2019ehk
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in the R band at 14.4 days after the estimated explosion date;
it is defined as t = 0 days in this paper.
The JHKs-band imaging data were obtained using HONIR
in 7 nights since 5.4 May 2019 (t = −9.7 days) to 24.5 May
2019 (t = 11.2 days). We took the images using a dithering
mode to accurately subtract a bright foreground sky. We re-
duced the data and performed photometry following the stan-
dard procedure for NIR data based on the PSF photometry
method in IRAF. The magnitudes were calibrated using the
magnitudes of nearby comparison stars given in the 2MASS
catalog (Persson et al. 1998). The derived JHKs-band magni-
tudes and their light curves are given in Table 2 and Figure 2,
respectively.
The spectra are shown in Figure 3, and the log of our spec-
troscopic observations is shown in Table 3. We performed
optical spectroscopic observations using HOWPol in 6 nights
from 5.5 May 2019 (t = −4.7 days) to 29.5 May 2019
(t = 30.5 days). We used a grism with a spectral resolution
of R ∼ 400 and a spectral coverage of 4,500–9,000 Å. We
observed spectroscopic standard stars in the same nights for
the flux calibration. For the wavelength calibration, we used
sky emission lines taken in the object frames. The strong at-
mospheric absorption bands around 6900 Å and 7600 Å have
been removed using the spectra of hot standard stars.
We also obtained an optical spectrum using the Kyoto
Okayama Optical Low-dispersion Spectrograph with an in-
tegral field unit (KOOLS-IFU Matsubayashi et al. 2019) at-
tached to the 3.8-m Seimei telescope of Kyoto University on
9 May 2019 (t = −3.8 days). We used the VPH-blue grism
with a wavelength resolution of R ∼ 500 and a wavelength
coverage of 4,000–8,900 Å. To remove cosmic ray events,
we used the L. A. Cosmic pipeline (van Dokkum 2001). The
data reduction was performed using Hydra package in IRAF
(Barden et al. 1994; Barden 1995) and a reduction software
specifically developed for KOOLS-IFU data. The flux was
calibrated using the data of a spectroscopic standard star taken
on the same night. For the wavelength calibration, we used arc
lamp (Hg and Ne) data.
Another optical spectrum was obtained using the Gemini
Multi-Object Spectrograph (GMOS; Allington-Smith et al.
2002; Hook et al. 2004) attached to the Gemini telescope on
6.3 Jul 2019 (t ∼ 54 days). We used the R400 grism with a
slit width of 1 arcsec. The flux calibration was performed us-
ing a spectrum of a spectrophotometric standard star taken in
the same night. Data reduction was carried out using Gemini
IRAF15.
3. RESULTS
3.1. Spectra
Figure 3 shows the spectral evolution of SN 2019ehk from
the end of the first peak (t = −7.7 days) to the tail phase
(t = 53.9 days). Several absorption lines are identified in the
spectra before the second maximum (t < 0 days); He i λ5876,
He i λ 6678, Si ii λ 6355, O i λ 7774, and Ca ii NIR triplet.
Overall features indicate that SN 2019ehk is a member of SNe
Ib according to the standard criteria. The strong Na i D nar-
row absorption line indicates that the absorption within the
host galaxy is substantial (Section 3.2 for further details). Af-
ter the second peak (t > 0 days), spectral features quickly
evolve. Prominent Ca ii and [Ca ii] emission lines are devel-
oped already at t = 16.3 days, showing a rapid transition to the
15 https://www.gemini.edu/node/11823
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Figure 3. The spectral evolution of SN 2019ehk. The epoch of each spec-
trum is given with respect to the R-band maximum (see Section 1). Only the
Galactic extinction has been corrected for.
nebular phase. These features, a rapid evolution to the nebular
phase and the prominent Ca emissions, are characteristics of
a Ca-rich transient.
In Figure 4, we compare SN 2019ehk with SN Ib 2008D
(Modjaz et al. 2009), SN IIb 1993J (Barbon et al. 1995),
iPTF14gqr (De et al. 2018b), iPTF16hgs (De et al. 2018a),
and Ca-rich transient PTF10iuv (Kasliwal et al. 2012) at t ∼ 0
days (i.e., around the maximum brightness). Overall, the
spectrum of SN 2019ehk is similar to those of SN Ib 2008D
and the Ca-rich transients (iPTF16hgs and PTF10iuv). In-
deed, there are no significant differences between the Ca-rich
transients and (some of) SNe Ib at this stage. At a closer look,
the line profiles of He i, O i, and Fe ii seen in SN 2019ehk
show a better match to those of the Ca-rich transients than
SN 2008D. The spectrum of iPTF14gqr in this early phase is
4 Nakaoka T., et al.
Table 1
Log of the optical photometry of SN 2019ehk. The Galactic extinction has been corrected for.
MJD Epoch B V R I Instruments
(day) (mag) (mag) (mag) (mag)
58604.7 -11.6 16.91(0.11) 16.05(0.05) 15.67(0.04) 15.20(0.03) HOWPol
58605.5 -10.8 16.92(0.04) 16.05(0.03) 15.51(0.04) 15.04(0.03) HOWPol
58606.6 -9.7 17.46(0.03) 16.43(0.02) 15.75(0.02) 15.26(0.02) HOWPol
58607.6 -8.7 18.06(0.18) 16.69(0.12) 16.02(0.03) 15.54(0.04) HOWPol
58608.6 -7.7 18.18(0.03) 16.86(0.02) 16.09(0.02) 15.58(0.02) HOWPol
58609.6 -6.7 18.30(0.11) 16.77(0.04) 16.00(0.02) 15.46(0.02) HOWPol
58610.6 -5.7 18.11(0.05) 16.64(0.03) 15.90(0.02) 15.35(0.02) HOWPol
58612.6 -3.7 18.01(0.04) 16.51(0.02) 15.76(0.02) 15.13(0.02) HOWPol
58614.6 -1.7 18.09(0.07) 16.46(0.03) 15.63(0.02) 14.99(0.02) HOWPol
58615.7 -0.6 18.11(0.05) 16.45(0.02) 15.61(0.02) 14.93(0.02) HOWPol
58619.5 3.2 — 16.79(0.05) 15.74(0.03) 14.99(0.03) HOWPol
58624.5 8.2 — 17.27(0.03) 16.12(0.03) 15.28(0.02) HOWPol
58626.6 10.3 — 17.50(0.03) 16.31(0.02) 15.40(0.02) HOWPol
58628.5 12.2 — 17.65(0.03) 16.48(0.02) 15.49(0.02) HOWPol
58629.6 13.3 — 17.83(0.19) 16.64(0.14) 15.52(0.05) HOWPol
58632.5 16.2 — 17.85(0.04) 16.69(0.03) 15.64(0.02) HOWPol
58634.5 18.2 — 17.97(0.06) 16.83(0.03) 15.68(0.02) HOWPol
58637.6 21.3 — 18.15(0.15) 16.96(0.04) 15.68(0.03) HOWPol
58639.5 23.2 — 18.21(0.05) 17.01(0.04) 15.76(0.03) HOWPol
58646.5 30.2 — 18.71(0.1) 17.30(0.04) 15.84(0.03) HOWPol
Table 2
Log of the NIR photometry of SN 2019ehk.
MJD Epoch J H Ks Instruments
(day) (mag) (mag) (mag)
58606.6 -9.7 14.80(0.02) 14.59(0.02) 14.38(0.03) HONIR
58610.6 -5.7 14.89(0.02) 14.67(0.02) 14.42(0.03) HONIR
58612.6 -3.7 14.71(0.03) 14.41(0.02) 14.23(0.05) HONIR
58614.6 -1.7 14.53(0.02) 14.26(0.02) 14.14(0.03) HONIR
58615.7 -0.6 14.46(0.02) 14.2(0.02) 14.08(0.03) HONIR
58617.6 1.3 14.41(0.02) 14.11(0.02) 14.03(0.02) HONIR
58618.5 2.2 14.40(0.02) 14.11(0.02) — HONIR
58624.5 8.2 14.76(0.02) 14.34(0.02) 14.21(0.02) HONIR
58627.5 11.2 15.08(0.02) 14.62(0.02) 14.46(0.03) HONIR
distinct from the Ca-rich transients, confirming the argument
by De et al. (2018b) that it is not classified as a ‘canonical’
Ca-rich transient.
Emission lines of Ca ii and [Ca ii] become prominent for
iPTF16hgs and PTF10iuv at t ∼ 20 days (Figure 5), which is
the definition of the ‘Ca-rich’ transient class (Kawabata et al.
2010; Perets et al. 2010). SN 2019ehk shows a strikingly sim-
ilar spectrum. While the absorption lines of He i are still visi-
ble, the spectra of the Ca-rich transients are distinct from SNe
Ib at this phase, and thus SN 2019ehk should be definitely
classified as a Ca-rich transient, not as a canonical SN Ib. In-
terestingly, iPTF14gqr becomes to resemble the other Ca-rich
transients at this phase, showing strong [Ca ii] and Ca ii NIR
triplet. Therefore, iPTF14gqr can also be classified as a Ca-
rich transient according to the standard criterion. We however
note that iPTF14gqr shows broader Ca emissions than the oth-
ers, and some lines identified in the other Ca-rich transients
are not visible in its spectrum. As such, iPTF14gqr could
be classified as a peculiar Ca-rich transient, which might in-
dicate that its origin is different from the canonical Ca-rich
transients.
The difference between (normal) SNe Ib and Ca-rich tran-
sients becomes more obvious in the later phases. All the Ca-
rich transients show strong [Ca ii] and Ca ii emission lines,
and weak or no [O i] at t ∼ 55 days (Figure 6). The ve-
locity seen in SN 2019ehk, as measured from the full-width-
half-maximum (FWHM) of a Gaussian function fitted to the
[Ca ii] profile, is ∼5300 km s−1 . This is again similar to other
(canonical) Ca-rich transients (Kasliwal et al. 2012) (e.g., as
compared to PTF10iuv). The [O i] seen in SN 2019ehk is very
weak even among Ca-rich transients.
Figure 7 shows the evolution of the [Ca ii] /[O i] ratio
as compared with those measured from spectra of a sample
of Ca-rich transients presented by Valenti et al. (2014). The
[Ca ii] /[O i] ratio of SN 2019ehk at t ∼ 54 days is measured
to be 60 ± 40, which is within the range generally seen in the
Ca-rich transients, and is among the largest.
Figure 8 shows the evolution of the He i line velocities of
SN 2019ehk. The velocities are derived from a Gaussian fit
to the He i λ5876 and He i λ6678 absorption line profiles. We
do not see clear evolution in the velocity of He i λ 5876, but
it is likely contaminated by Na i D. The velocity measured
for He i λ 6678 is around 6500 km s−1 at t ∼ −5 days, and
declines to ∼3,000 km s−1 at t ∼ 54 days. The velocity and its
evolution here roughly overlap with those of iPTF16hgs.
The spectral features and their evolution show that SN
2019ehk clearly belongs to the Ca-rich transient class.
It shows very similar spectral properties with those of
iPTF16hgs, and these two objects also share striking similari-
ties in the light curves (see Section 3.3). iPTF14gqr is distinct
from SN 2019ehk, iPTF16hgs, and other Ca-rich transients in
the spectral evolution, while its similarities in the late phase
spectrum and in the light curve properties (Section 3.3) to SN
2019ehk and iPTF16hgs suggest a link among these three ob-
jects.
3.2. Extinction correction
The Galactic extinction is negligibly small for SN 2019ehk
(E(B − V) = 0.026 mag; Schlafly & Finkbeiner 2011). How-
ever, the extinction within the host galaxy along the line-of-
sight toward SN 2019ehk is highly uncertain. Our spectra
show a very deep Na i D absorption line, indicating substan-
tial extinction within the host galaxy (see Figure 3). We mea-
sure the equivalent width (EW) as 3.2 ± 0.3 Å; this is beyond
the applicability of the extinction-EW relation suggested by
Poznanski et al. (2010).
Given the similarities between SN 2019ehk and iPTF16hgs,
we could match the spectra of these two objects to constrain
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Table 3
Log of the spectroscopic observations of SN 2019ehk.
MJD Epoch Exposure Coverage Resolution Instruments
(day) (sec)
58608.6 -7.7 3,600 4,500–9,000 Å 400 HOWPol
58610.6 -5.7 2,700 4,500–9,000 Å 400 HOWPol
58612.5 -3.8 3,600 4,000–8,900 Å 500 KOOLS-IFU
58614.6 -1.7 2,700 4,500–9,000 Å 400 HOWPol
58615.6 -0.7 2,700 4,500–9,000 Å 400 HOWPol
58624.5 8.2 3,600 4,500–9,000 Å 400 HOWPol
58632.6 16.3 3,600 4,500–9,000 Å 400 HOWPol
58670.3 53.9 1,800 5,200–9,800 Å 400 GMOS
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the extinction. Figure 9 shows the spectral comparison at
t ∼ 0 days, with different values of E(B − V) applied to SN
2019ehk (E(B− V) = 0.5 and 1.0 mag). With E(B − V) = 0.5
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mag, the two spectra match quite well. The black body tem-
perature of SN 2019ehk is ∼5,400 K and ∼8,100 K assuming
the extinction of E(B − V) = 0.5 and 1.0 mag, respectively.
Since the spectral features of SN 2019ehk are similar to those
of iPTF16hgs, the temperature should not be very different
between the two objects; if the temperature would be differ-
ent by
∼
>50%, difference in the spectral features would likely
become significant (Nugent et al. 1995). This places a rough
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upper limit of E(B − V) ∼ 1.0 mag for SN 2019ehk.
To compare the color evolution of SN 2019ehk and other
Ca-rich transients, we convert the magnitudes of SN 2019ehk
to the SDSS system using the relations given by Jordi et al.
(2006). In the comparison using the SDSS system, we apply
the AB magnitude. We also confirm that these SDSS (AB)
magnitudes are consistent with those estimated from the spec-
tra of SN 2019ehk. Figure 10 shows the g − r color evolution
of SN 2019ehk as compared to iPTF16hgs, iPTF14gqr, and
other Ca-rich transients. The color evolution of SN 2019ehk
roughly matches to those of iPTF16hgs and other Ca-rich
transients, for E(B − V) between 0.5 and 1.0 mag. This
range is consistent with that from the spectral matching to
iPTF16hgs. Therefore, we estimate the host extinction to be
between E(B − V) = 0.5 and 1.0 mag.
An issue to obtain the absolute magnitudes is a value of
Rv. Usually the Galactic value (Rv = 3.1) is adopted for CC-
SNe, while it is suggested to be lower (Rv ∼ 2) for SNe Ia
(Wang et al. 2008). The host extinction is usually negligible
for Ca-rich transients, thus the typical value for Ca-rich tran-
sients is uncertain. In this paper, we adopt the Galactic value,
i.e., Rv = 3.1, which is more likely the case than the smaller
value given our interpretation of SN 2019ehk, independent
fromRv, as a member of CCSNe (see Section 4). While adopt-
ing Rv ∼ 2 will reduce the estimated absolute magnitude by
∼ 0.5 − 1.0 mag, this would not affect our main conclusions
since we already consider a range of E(B − V) = 0.5 − 1.0
mag.
3.3. Light curves
Figure 2 shows our multi-band light curves. Note that these
magnitudes are corrected only for the Galactic extinction (see
Section 3.2). The light curve shows a clear rise to the first
peak in the optical bands after its discovery. The similar ini-
tial emission was detected also for iPTF14gqr and iPTF16hgs,
while the rising part toward the first peak was missed for both
of them. This early emission has not been seen in the other
Ca-rich transients. The first peak is reached at t = −10.8 days
for SN 2019ehk.
The decline rate after the second peak (between t = −0.6
and t = 13.3 days) is 0.09, 0.07, and 0.05 mag day−1in the V ,
R, and I bands, respectively. After t ∼ 13.3 days, the decline
becomes slower. The decline rate between t = 26 and 38 days
is 0.05, 0.05, and 0.03 mag day−1in the V , R, and I bands,
respectively. A bluer band shows a steeper decline.
We compare the R-band light curve of SN 2019ehk with
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those of canonical SNe IIb and Ib in Figure 11. The same
comparison, but for the r band (see Section 3.2), is shown
with iPTF14gqr, iPTF16hgs, and other Ca-rich transients in
the top panel of Figure 12. In these figures, we also plot
the magnitudes of SN 2019ehk reported by other sources (see
Section 2). These early points are shown here only for demon-
stration purpose, given the differences in the band passes even
though the central wavelengths are close to the R or r band.
For the comparison, we shift the light curves vertically to
match to the peak magnitude of SN 2019ehk, and horizon-
tally to match to the peak date.
The middle and bottom panels of Figure 12 show the ab-
solute magnitude light curves of SN 2019ehk in the r and
g bands, respectively, as compared with those of iPTF14gqr,
iPTF16hgs, and other (canonical) Ca-rich transients (see Sec-
tion 3.2). To show the uncertainty associated with the extinc-
tion, the absolute magnitudes of SN 2019ehk are corrected for
the host excitation with E(B−V)= 0.5 mag (red filled circles)
or E(B − V) = 1.0 mag (blue).
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Figure 11 shows that the light curve evolution is much faster
for SN 2019ehk than the well-studied SNe IIb and Ib. It
is especially clear in terms of the rising time to the second
peak since the (estimated) explosion date; 22.7, 20.0, 23.6,
and 12.7 days for SNe 1993J, 2008D, 2008ax, and 2019ehk,
respectively. The same tendency is also seen in the de-
cline rate after the second maximum; 0.045, 0.05, 0.055, and
0.07 mag day−1in SNe 1993J, 2008D, 2008ax, and 2019ehk,
respectively.
SN 2019ehk, iPTF16hgs, and other Ca-rich transients show
similar rising time as seen in Figure 12. For example, the
rising time and the decline rate for iPTF16hgs in the r band
are 12.7 days and 0.10 mag day−1, respectively, which are
both similar to those of SN 2019ehk. iPTF14gqr shows faster
rise and fall than these objects, suggesting a smaller amount of
ejecta. In any case, the light curve evolution of iPTF14gqr is
qualitatively similar to SN 2019ehk and the Ca-rich transients,
being much faster than canonical SNe Ib.
The decline rate of SN 2019ehk after t ∼ 10 days is
within a range observed for the Ca-rich transients, although
it is on the slowest side. On the other hand, iPTF16hgs
shows the fastest decline among the Ca-rich transients. If
SN 2019ehk and iPTF16hgs belong to the same subpopula-
tion within the Ca-rich transient class (as argued in this paper,
along with iPTF14gqr), it might suggest that this subpopula-
tion has much more diverse properties than the other (main)
population within the Ca-rich transient class.
The r-band peak magnitude of SN 2019ehk at t ∼ 0 days
is by ∼1 mag brighter than those of PTF10iuv and iPTF16hgs
in the case of E(B − V) = 0.5 mag 16. Even taking the un-
certainty in the host extinction into account, SN 2019ehk is
much more luminous in its (second) peak than a bulk of the
Ca-rich transients. It can be comparable to the peak luminos-
ity of iPTF14gqr, which also shows a distinctly brighter peak
than the other comparison objects.
The first peak is reminiscent of early emission from some
CCSNe, exemplified by SN IIb 1993J. The magnitude of this
emission relative to the second-peak magnitude, as well as
the declining rate (and the duration from the estimated ex-
plosion date), are indeed similar between SN 1993J and SN
2019ehk. The emission is well understood as the ‘cooling en-
velope emission’ for the case of SN 1993J, with its extended
H-rich progenitor (Richmond et al. 1996). The similar early
emission is also seen for iPTF14gqr and iPTF16hgs, while
such a feature has not been detected for the other (canonical)
Ca-rich transients. The existence of the first peak would sug-
gest that SN 2019ehk, iPTF14gqr, and iPTF16hgs may form
a subpopulation within the Ca-rich transient class (or, a pop-
ulation of explosions which resemble the canonical Ca-rich
transients in the observational features). The similarity in the
properties of the first peak may further suggest that they are
related to the death of massive stars (Section 4.2 for further
details).
4. DISCUSSION
Based on the observational data presented in Section 3, we
discuss properties and a possible origin of SN 2019ehk. The
discussion is also given for a possible relation of SN 2019ehk
to iPTF14gqr, iPTF16hgs, and the Ca-rich transients in gen-
eral. In Section 4.1, we estimate the properties of the ejecta
16 Only if we would adopt a combination of E(B−V) ∼ 0.5 mag and Rv ∼
2 mag for the host extinction (i.e., the assumptions leading to the minimal
amount of the extinction), the absolute magnitude of SN 2019ehk would be
similar to iPTF16hgs.
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Figure 11. The R-band light curve of SN 2019ehk compared with those
of well-observed SNe: SN Ib 2008D (Modjaz et al. 2009), SN IIb 2008ax
(Pastorello et al. 2008), SN IIb 1993J (Richmond et al. 1996). All the mag-
nitudes are relative to the peak.
from the observational properties around the second peak.
The origin of the first peak is discussed in Section 4.2. In
Section 4.3, we argue that SN 2019ehk is an explosion of
a massive star, likely an USSN. In Section 4.4, we discuss
a subpopulation within the Ca-rich transient class including
SN 2019ehk.
4.1. Properties of the ejecta and implications for the
progenitor
First, we construct a quasi-bolometric light curve of
SN 2019ehk by integrating the spectral energy distribution
(SED) in the B, V , R and I bands. The integration is per-
formed by interpolating the SED by trapezium functions. The
conversion from the observed magnitude into the flux is car-
ried out using the filter function (Bessell 1990) and the zero-
point flux in each band.
We show the bolometric light curve in Figure 13. The bolo-
metric light curve is constructed assuming two different val-
ues of the host extinction, E(B − V) = 0.5 and 1.0 mag (see
Section 3.2). The ratio of the optical flux (in the B, V , R, and
I bands) to the total flux is assumed to be 60% (Drout et al.
2014). The first peak of SN 2019ehk is also confirmed in
the quasi-bolometric light curve. The second-peak luminos-
ity, Lpeak, is ∼ 6 × 1041 erg s−1 in the case of the low extinc-
tion (E(B − V) = 0.5 mag), which already exceeds a typical
range found for the canonical Ca-rich transients (Lunnan et al.
2017; Kasliwal et al. 2012). It would even be as bright as
Lpeak ∼ 2 × 1042 erg s−1 if E(B − V) = 1.0 mag, being com-
parable to the peak luminosity of iPTF14gqr. The rise time to
the second peak is estimated to be 14.4 days, which is similar
to iPTF16hgs (12.6 days; De et al. 2018a) and other Ca-rich
transients.
We calculate the 56Ni mass, M(56Ni), as 0.022 −
0.066 M⊙ from the second-peak luminosity (Arnett 1982),
where the range reflects the extinction uncertainties. Even
with E(B − V) = 0.5 mag, this is significantly larger than
the values found for most of Ca-rich transients (Lunnan et al.
2017; Kasliwal et al. 2012) including iPTF16hgs (De et al.
2018a). The estimated 56Ni mass is between iPTF16hgs and
iPTF14gqr, or similar to iPTF14gqr, depending on the treat-
ment of the host extinction toward SN 2019ehk 17.
17 M(56Ni)of SN 2019ehk can be similar to that of iPTF16hgs only for
the (unlikely) combination of E(B − V) ∼ 0.5 mag and Rv ∼ 2 for the host
extinction.
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Figure 12. (Top) The r-band light curve of SN 2019ehk compared with
iPTF14gqr (De et al. 2018b), iPTF16hgs (De et al. 2018a), and other Ca-
rich transients PTF10iuv, PTF11kmb, PTF12bho (Kasliwal et al. 2012;
Lunnan et al. 2017). (Middle and Bottom) Same as the top panel but the
magnitudes are shown in the absolute magnitude scale, in the r-band (mid-
dle) and in the g-band (bottom), given in the AB system. The light curve
of SN 2019ehk is shown for two different values of the host extinction;
E(B−V) = 0.5 mag (red filled circle) and E(B−V) = 1.0 mag (blue one). The
magnitudes of SN 2019ehk are given in the AB magnitude. In these figures,
Rv = 3.1 is assumed.
We estimate the kinetic energy and the ejecta mass for SN
2019ehk from the analysis of the light-curve evolution. We fit
the r-band light curve of SN 2019ehk to that of iPTF16hgs by
stretching the light curve width around the second maximum.
We then obtain the ratio of the timescale of SN 2019ehk to
iPTF16hgs as ∼ 1.2.
Figure 8 suggests that the expansion velocities are simi-
lar between SN 2019ehk and iPTF16hgs, with the ratio of
∼ 0.8 between two objects.We further test this by the over-
all spectral property. After bending the second-maximum
(t ∼ 0 days) spectrum of SN 2019ehk to match to the contin-
uum of iPTF16hgs (Figure 9), we introduce an artificial shift
in the wavelength to the spectrum of SN 2019ehk, to find the
best match in the positions of the absorption minima of differ-
ent lines. We thereby find that the ratio of the line velocities
of SN 2019ehk to iPTF16hgs is on average v19ehk/v16hgs ∼ 0.8,
being consistent with the estimate using the He velocity.
We then convert these ratios in the light curve widths and
the expansion velocities to the ejecta mass (Mej) and the ki-
netic energy of the ejecta (Ek), using the following relations;
τ ∝ M
3/4
ej · E
−1/4
k , (1)
vej ∝ M
−1/2
ej · E
1/2
k . (2)
For the normalization in this scaling method, we use the
ejecta properties estimated for iPTF16hgs (Mej = 0.38 M⊙
and Ek = 2.3 × 1050 erg; De et al. 2018a). We then obtain
Mej = 0.43 M⊙ and Ek = 1.7 × 1050 erg for SN 2019ehk.
These properties are similar to those obtained for
iPTF16hgs (and the other Ca-rich transients in general), as
expected from the similar properties seen in their light curves
and spectra. The ejecta mass is significantly larger than that of
iPTF14gqr while the kinetic energy is similar (Mej = 0.2 M⊙
and Ek = 2 × 1050 erg; De et al. 2018b); these properties are
consistent with the slower evolution and lower line velocities
in SN 2019ehk than in iPTF14gqr.
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4.2. Analysis of the first peak
Here, we investigate an origin of the first peak in the light
curves. Given the large uncertainty in the host extinction, we
consider a range of the possible extinction, between E(B −
V) = 0.5 and 1.0 mag as roughly constrained by the color at
the second peak (see Section 3.2).
The first peak observed for SN 2019ehk is reminiscent of
the so-called cooling-envelope emission frequently observed
for CCSNe with an extended envelope (e.g., see SN IIb 1993J
in Figure 11), where the thermal energy deposited by the
propagation of the shock wave is diffused out in the cooling
time scale. The mechanism is indeed not limited to a ‘stel-
lar envelope’ but is applicable to a ‘confined’ CSM as long as
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the CSM is already swept up by the ejecta and behaves like a
cooling envelope.
For the analysis of this process, we follow the formalism
presented by Piro (2015). In doing this, we use a semi-
analytic code developed by Maeda et al. (2018) to simulate
a similar emission process. We calibrated the code by com-
paring the output to the results of Piro (2015) for the same
parameter set. Indeed, De et al. (2018a) used the same for-
malism to analyze the first peak seen in iPTF16hgs. We have
also confirmed that we obtain a consistent result with De et al.
(2018a) if we use the same input parameters; this guarantees
a fair comparison between the natures of SN 2019ehk and
iPTF16hgs.
As the input parameters, we adopt Mej = 0.43 M⊙ for the
ejecta mass and Ek = 1.7 × 1050 erg for the kinetic energy
(see Section 4.1). The luminosity is sensitive to the radius
of the envelope (or CSM) while the diffusion time scale is
so to the envelope (CSM) mass, and there is no degeneracy
between these two parameters to derive. We first try to obtain
a rough match to the V-band light curve, and the same model
is adopted to generate the B and R-band light curves.
As shown in Figure 14, we can obtain a reasonable fit
to the early V-band light curve. The envelope/CSM mass
is ∼ 0.04 − 0.05 M⊙ irrespective of the extinction assump-
tion. The outer radius of the envelope/CSM is sensitive to
the assumed extinction: 130 R⊙ , 300 R⊙ , and 1,500 R⊙ for
E(B−V)= 0.5, 0.7, and 1.0 mag, respectively. While the mass
is similar to that derived for iPTF16hgs (De et al. 2018a), the
radius required for SN 2019ehk is substantially larger. This
is a result from the brighter first peak luminosity (Lbump) in
SN 2019ehk even for E(B − V) = 0.5 mag.
We note that the expected model color is far too blue to be
consistent with the observations of SN 2019ehk, as long as
E(B− V) < 1.0 mag. The cooling-envelope emission predicts
that the V-band peak is realized when the photospheric tem-
perature decreases to ∼ 10, 000 − 20, 000 K, as an outcome
of the shift of the blackbody peak from the UV to the optical
bands. However, the observed color of the first peak is red
(V − R > 0 mag) if E(B − V) < 1.0 mag. There is then no so-
lution to explain the color by the cooling-envelope emission
under the low-extinction assumption (Figure 14).
The physically reasonable solution with the cooling-
envelope emission model can be found only if we assume a
high value of the extinction (E(B − V) = 1.0 mag; see Fig-
ure 14). The derived radius is as large as ∼ 1, 500 R⊙ .
This is even comparable to one of the largest SN IIP pro-
genitors discovered through the pre-explosion image analy-
sis (Huang et al. 2018). Our spectra do not exhibit any hy-
drogen features, and such a large and He-rich ‘envelope’ is
physically not realized. On the other hand, the mass and ra-
dius here are very similar to those suggested for the ‘con-
fined’ CSM around CCSNe commonly inferred through the
flash spectroscopy (Gal-Yam et al. 2014; Yaron et al. 2017)
or early light curve behaviors (Moriya et al. 2017b, 2018;
Morozova et al. 2017, 2018; Förster et al. 2018). We suggest
that this can be interpreted as the existence of the confined
CSM around SN 2019ehk, which might further support its
origin as a core collapse of a massive star. The correspond-
ing mass loss rate is ∼ 1.5 M⊙ yr−1 assuming the mass-loss
velocity of 1, 000 km s−1. This is high due to the large wind
velocity assumed here, but it involves a large uncertainty even
more than an order of magnitude.
As clarified above, another emission mechanism is required
if E(B − V) < 1.0 mag. An alternative mechanism is the
situation in which the ejecta are still propagating within the
optically-thick CSM at the first peak of the light curve. This
allows a larger photospheric radius and a lower temperature,
and thus a redder color. If E(B − V) = 0.5 mag, the black-
body fit to the SED at the first peak suggests the photospheric
temperature of ∼ 7, 000 K. The observed luminosity and tem-
perature for the case of E(B−V) = 0.5 mag indicate the black
body radius of ∼ 11, 000 R⊙ (i.e., ∼ 8×1014 cm). Similarly, if
we assume E(B−V)= 0.7 mag, then the photospheric temper-
ature and the radius are ∼ 8, 500 K and∼ 9, 400 R⊙ (∼ 7×1014
cm), respectively. This is again within a range suggested for
the confined CSM. We can derive the CSM density (thus the
mass-loss rate) under this ongoing shock interaction model,
through the peak luminosity (interaction power) and the peak
duration (diffusion time scale) (Moriya & Maeda 2014) 18.
The mass-loss rate thus derived is ∼ 4 × 10−3 M⊙ yr−1 , as-
suming the constant wind velocity of ∼ 1, 000 km s−1 . Again,
the required CSM density (the mass-loss rate) and the size
are within the range estimated for the confined CSM around
CCSNe. A drawback in this second scenario (for the low-
extinction assumption) is the spectral signature; the spectrum
obtained at t ∼ 3 days reported by Dimitriadis et al. (2019) is
dominated by a continuum with no trace of narrow emission
lines expected for the continuous interaction. However, the
absence of the narrow emission lines does not readily reject
the ongoing interaction given a lack of our understanding of
the spectral formation in CSM-interacting SNe in general.
In summary, we are left with two possible interpretations;
the cooling envelope/CSM emission (for E(B − V) ∼ 1.0
mag) or the ongoing CSM interaction (for E(B − V) < 1.0
mag). The results of this analysis are summarized in Table 4
together with the properties derived from the second peak,
where Rpeak is the R-band peak magnitude of SN 2019ehk at
t ∼ 0 days. While the two scenarios involve different mech-
anisms and result in different natures of the CSM, qualita-
tively we reach to the same conclusion. There is a dense CSM
around SN 2019ehk. This suggests a core-collapse origin for
SN 2019ehk. The progenitormight experience (unknown) un-
stable activity in the final stage of the stellar evolution of the
massive star (Fuller & Ro 2018), but the mass-loss rate de-
rived here might also be consistent with a general expectation
from the USSN scenario through the binary interaction (Sec-
tion 4.3 for further details).
4.3. The USSN as a progenitor system
The ejecta properties of SN 2019ehk, iPTF14gqr and
iPTF16hgs are generally consistent with the expectations for
a low-mass (< 2M⊙) He (or C+O) star explosion correspond-
ing to the main-sequence mass of 8 − 12 M⊙ , which defines
a boundary between the CCSN explosion and a WD forma-
tion (Kawabata et al. 2010). In terms of the binary evolution,
such a progenitor can be formed by the USSN scenario with
a NS comparison (Tauris et al. 2013, 2015), which has been
actively debated as a promising pathway to form double NS
binaries. Indeed, De et al. (2018b) suggested iPTF14gqr as
a robust candidate for an USSN. The scenario favored for
iPTF16hgs (De et al. 2018a) is also the USSN, while an erup-
tive event related to a WD is not rejected. In this paper,
18 The required CSM mass is much smaller than the cooling-
envelope/CSM case, as the ongoing shock is much more efficient in the
energy conversion without substantial adiabatic cooling (e.g., Maeda et al.
2018). Note also that the uncertainty in the luminosity within a factor of two
would not alter the mass-loss rate estimate (Moriya & Maeda 2014).
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Table 4
Physical parameters of SN 2019ehk (Mej = 0.43 M⊙ and Ek = 1.7 × 1050 erg irrespective of the
extinction). The wind velocity is assumed to be 1, 000 km s−1 to estimate the mass-loss rate. In these
estimates, Rv = 3.1 is assumed.
E(B-V) Rpeak Lpeak Lbump M(56Ni ) CSM radius Mass-loss rate
(mag) (mag) (×1042 erg s−1 ) (×1042 erg s−1 ) (M⊙ ) (R⊙ ) (M⊙ yr−1)
0.5 -16.29 0.583 0.783 0.022 11,000 4 × 10−3
0.7 -16.71 0.897 1.27 0.037 9,400 4 × 10−3
1.0 -17.35 1.77 2.72 0.066 1,500 1.5
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Figure 14. The B, V , and R-band light curves of SN 2019ehk and the
cooling-envelope/CSM models that fit to the V-band light curve. The host
extinction is assumed to be E(B − V) = 0.5 (top) or E(B − V) = 1.0 mag
(bottom). The explosion date is estimated as t = −14.4 days.
we suggest that SN 2019ehk is yet another candidate for an
USSN.
The diversities seen in these objects are in line with the
expectation from a core-collapse event of a massive star, as
there can be diversities in the progenitor stars, e.g., in the
progenitor mass and in the properties of the envelope at the
time of the explosion (Tauris et al. 2015). Indeed, given the
low-mass ejecta, a small difference in the progenitor mass
in the USSN scenario can easily lead to a large diversity in
the observational properties (Moriya et al. 2017a; Suwa et al.
2015; Yoshida et al. 2017; Müller et al. 2018). For exam-
ple, Tauris et al. (2015) predict that the ejecta mass ranges
from ∼ 0.01 M⊙ to ∼ 0.5 M⊙ for the progenitors leading
to USSNe. The range covers the properties derived for SN
2019ehk, iPTF14gqr, and iPTF16hgs.
SN 2019ehk, iPTF14gqr and iPTF16hgs share a unique ob-
servational property; they show the ‘first’ peak with a duration
of a few days observed in the optical wavelength. This fea-
ture can be naturally interpreted by existence of a substantial
amount of CSM, as has been interpreted for many CCSNe.
The models based on an old system, e.g., a WD, have diffi-
culties to create such a short-duration early emission. The so-
called .Ia scenario would create a double-peaked light curve in
the ‘bolometcic’ luminosity due to existence of powering ra-
dioactive species at different layers. However, in this model,
the first peak is generally in the UV and the second peak is in
the optical; the optical light curve is indeed predicted not to
show the double peaks (Shen et al. 2010). An exception is the
double-detonation model of a sub-Chandrasekhar mass WD,
which could create the double peaks in the optical (Jiang et al.
2017; Maeda et al. 2018). However, given the relatively low
luminosity of SN 2019ehk and the other objects (as compared
to SNe Ia), this will result in the substantial absorption by var-
ious Fe-peak lines at the second peak (Maeda et al. 2018), and
the resulting spectrum would never resemble that of an SN Ib.
Through the ‘flash spectroscopy’, De et al. (2018b) sug-
gested the existence of a confined CSM around iPTF14gqr.
For iPTF16hgs, the properties of the first peak are explained
by the cooling-envelope emission from a He-rich envelope
without a need of a dense CSM. The first peak observed for
SN 2019ehk can be explained either by a very dense and con-
fined CSM (if the extinction is high) or a moderately dense
CSM (if the extinction is low, see Section 4.2). The mass-loss
rate derived for the second scenario (∼ 4 × 10−3 M⊙ yr−1 for
∼ 1, 000 km s−1 ) is within the range expected for the mass
loss rate associated with the Roche lobe mass transfer in the
USSN scenario (Tauris et al. 2015).
Either way, irrespective of an association with a He-rich
envelope or a confined CSM, or even the Roche lobe mass
transfer, the double-peak light curve suggests a link to the
CCSN, especially to the USSN. Given the classification of
SN 2019ehk and iPTF16hgs as Ca-rich transients, as well as
the similarities of iPTF14gqr to these objects, the existence of
multiple populations is indicated within the Ca-rich transients
(see Section 4.4).
4.4. A subpopulation within Ca-rich transients?
Most of Ca-rich transients show a large offset from a host
galaxy (Lunnan et al. 2017). This indicates old stellar popula-
tion as their origin, e.g., an explosion or an eruptive event of a
WD. Kasliwal et al. (2012) and Lunnan et al. (2017) showed
that the (canonical) Ca-rich transients have homogeneous lu-
minosity distribution, indicating the similar 56Ni masses. The
evolution in the spectra and light curve also shows homoge-
neous natures (Section 3; see also De et al. 2018a).
However, there are some Ca-rich transients, including SN
2019ehk, which show a star-forming activity in their explo-
sion sites. SN 2019ehk is on a dust lane along a spiral arm
of M100. Another Ca-rich transient iPTF16hgs is located
at ∼ 6 kpc away from the core of a star-forming galaxy
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Table 5
Properties of Ca-rich transients
Objects M(56Ni) Double peak Environments Refs
(M⊙ )
SN 2019ehk 0.022-0.066 YES Young this paper
iPTF16hgs 0.008 YES Young De et al. (2018a)
iPTF15eqv 0.05-0.07 — Young Milisavljevic et al. (2017)
iPTF14gqr 0.05 YES Old/Young? De et al. (2018b)
PTF10iuva 0.016 NO Old Kasliwal et al. (2012)
asee Section 3.1
(De et al. 2018a), which is atypical as a site of the Ca-rich
transient. As yet another example, a peculiar Ca-rich tran-
sient iPTF15eqv is located on an arm of a spiral galaxy. Early
phase data for iPTF15eqv are missing as it was discovered af-
ter the maximum, but it is definitely much brighter than the
canonical Ca-rich transients with the estimated 56Ni mass of
M(56Ni)= 0.07 M⊙ (Milisavljevic et al. 2017). Among the
USSN candidates discussed in this paper, iPTF14gqr does not
clearly show a star-forming activity in its explosion site; it is
offset by ∼ 30 kpc from the core of a star-forming galaxy (or
∼ 15 kpc from the nearest spiral arm), which is consistent
with the old environment generally derived for the Ca-rich
transients, while the host galaxy shows a tidally interacting
environment (De et al. 2018b).
SN 2019ehk, iPTF16hgs and iPTF14gqr share a distinct
feature in their light curves; the first peak with a duration of a
few days to a week. This is not seen in the other canonical Ca-
rich transients. The analysis of the first peak suggests that they
are possibly associated with the USSN scenario. They at the
same time show some diversities in the observational proper-
ties. iPTF16hgs is nearly indistinguishable from the canonical
Ca-rich transients except for the first peak and its potentially
young environment. iPTF14gqr shows quite different charac-
teristics from the Ca-rich transients, i.e., its early-phase spec-
tra and the double-peaked light curve, while it evolves to re-
semble the canonical Ca-rich transients in a late phase. The
almost feature-less spectra of iPTF14gqr around the peak are
likely due to the high luminosity and temperature as well as
the high expansion velocities. The properties of SN 2019ehk
are in between iPTF16hgs and iPTF14gqr; spectroscopically
it is indistinguishable from the canonical Ca-rich transients,
but it shows a high luminosity, a clear first peak, and a star-
forming environment.
As a consequence of the diversity in the observational prop-
erties, the inferred properties of the ejecta and circumstel-
lar environment are also diverse. The ejected 56Ni masses
span from M(56Ni)= 0.01 M⊙ for iPTF16hgs to M(56Ni)=
0.05 M⊙ for iPTF14gqr. SN 2019ehk is in between. The
ejecta mass may range from ∼ 0.2M⊙ (iPTF14gqr; De et al.
2018b) to ∼ 0.4 M⊙ (iPTF16hgs and SN 2019ehk; De et al.
2018a, and this paper). There also seems to be a diversity in
the nature of the circumstellar environment (Section 4.2).
In summary, we suggest that SN2019ehk, iPTF16hgs, and
iPTF14gqr (and potentially iPTF15eqv) form a subpopulation
within the Ca-rich transient class. They not only explode
within the young environment (with a possible exception of
iPTF14gqr) but also have observational properties beyond
the diversity seen in the canonical Ca-rich transients. Their
properties are summarized in Table 5, together with those of
PTF10iuv as a representative of the canonical Ca-rich tran-
sients. We identify 4 such objects (SN 2019ehk, iPTF14gqr,
iPTF15eqv and iPTF16hgs), i.e., ∼10% of the whole sample
of Ca-rich transients. The rate of Ca-rich transient is ∼10% of
CCSNe. Therefore, the rate of this subpopulation (including
SN 2019ehk) is roughly ∼1% of CCSNe. This rate is consis-
tent with the expectation for the USSN scenario to be a main
evolutionary pathway toward double NS binaries (Tauris et al.
2013, 2015).
5. SUMMARY
We performed the optical and near-infrared observations of
a luminous Ca-rich transient SN 2019ehk. While it was ini-
tially reported as an SN Ib, it shows a rapid development of
[Ca ii] and Ca ii emission lines. The overall spectral evolu-
tion matches well to that of the Ca-rich transients. It is thus
definitely classified as a Ca-rich transient. Note that normal
SNe Ib and Ca-rich transients can be indistinguishable in the
early-phase spectra, and thus the change in the classification
is not surprising.
Despite the spectral similarity, SN 2019ehk shows clear dif-
ferences in its light curve properties from the canonical Ca-
rich transients. The peak magnitude is brighter than the typ-
ical value seen in the Ca-rich transients by up to 2 mag, de-
pending on the uncertain host extinction. Furthermore, SN
2019ehk shows a clear first peak which is not observed for
the canonical Ca-rich transients.
From the properties of the second peak, assuming it is pow-
ered by the 56Ni/Co/Fe decay chain, we derived the ejecta
mass and the explosion energy as Mej = 0.43 M⊙ and Ek =
1.7 × 1050 erg, respectively. The mass of 56Ni has a large un-
certainty due to the host extinction, but is constrained to be
0.022 − 0.066 M⊙ . We interpret the origin of the first peak
as the emission associated with a dense, and potentially con-
fined, CSM whose property is within the range inferred for
CCSNe. These properties suggest that SN 2019ehk is a vari-
ant of CCSNe. Indeed, these properties are largely consistent
with the expectations from an explosion of a low-mass He star
(∼ 2 M⊙ ), i.e., yet another candidate for an USSN.
We identify at least three (peculiar) Ca-rich transients (SN
2019ehk, iPTF16hgs, and iPTF14gqr) which show peculiar
properties beyond the diversity within the canonical Ca-rich
transients. As a distinguishing feature, they all show a double-
peaked light curve, indicating a CCSN origin. Interestingly,
two of them (SN 2019ehk and iPTF16hgs) have the environ-
ment atypical as a Ca-rich transient, indicating that their pro-
genitor stars belong to young population. The environment
of iPTF14gqr is within the diversity seen for the Ca-rich tran-
sients, but its association to the young environment is not re-
jected (De et al. 2018b). While the pre-maximum data are
missing, a peculiar Ca-rich transient iPTF15eqv also shares
some properties with these peculiar Ca-rich transients.
We suggest that these Ca-rich transients form a sub (young)
population within the Ca-rich transient class. Their properties
can be explained by an explosion of a low-mass (∼ 2M⊙) He
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star, i.e., the USSN scenario, and this scenario explains why
the observational properties within this subpopulation is much
more diverse than those seen in the canonical Ca-rich tran-
sients. This suggests an interesting direction in the search of
the USSN candidates to understand the evolutionary pathway
toward double NS binaries: high cadence searches for tran-
sients to catch the first distinct peak, and continuous followup
observations to see the development of the Ca-rich transients’
signatures in the late phase.
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